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Applying the effective amplitude, which is evidently consistent with general constraints
from chiral symmetry, the pipi spectra in the relevant processes are analyzed, leading to
a strong evidence for existence of the light σ meson. It is also pointed out that the pipi
scattering process, which had been one of the main sources for PDG table for these many
years, is, in principle, exceptionally difficult to investigate the property of σ-meson.
§1. Introduction
In the previous work referred to as I 1), we have analyzed systematically the
ππ production amplitudes in the various excited Υ and J/ψ decay processes, and
reproduced successfully the experimental behaviors: The production amplitude F is
given by a coherent sum of σ Breit-Wigner amplitude Fσ and direct 2π amplitude
F2pi in the VMW method.
F = FIσ + FI2pi; FIσ =
rσe
iθσ
m2σ − s− i
√
sΓσ(s)
, FI2pi = r2pieiθ2pi , (1.1)
where rσ (r2pi) is production coupling constant of σ-state (2π-state) and e
iθσ (eiθ2pi ) is
a strong phase factor. Here (rσ , θσ) and (r2pi, θ2pi) are taken to be process-dependent,
free parameters, since the |σ〉 state and |2π〉 state are, from quark physical picture 2),
independent bases of S-matrix with an independent vertex, in principle.
However, we must give special attention on the threshold behaviors. Because of
the property of π meson as Nambu-Goldstone boson in the case of chiral symmetry
breaking, the |F|2 was widely believed to be suppressed in the ππ threshold. In
the ππ scattering, the observed spectrum is actually suppressed near the threshold.
However, in the relevant excited-Υ decay processes this threshold suppression is
also observed experimentally in Υ (2S → 1S) and ψ(2S → 1S), while, in Υ (3S) →
Υ (1S)ππ, the steep increase from the ππ threshold is observed.
In the following we examine the consistency of our results in I, especially the
threshold behavior of Υ (3S → 1S), with the constraint from chiral symmetry.
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§2. Threshold Behavior of Production Amplitude and Chiral Symmetry
2.1. Effective amplitude by linear σ model
First we consider an effective chiral symmteric Lagrangian 3), 4) including σ and
π mesons, L(n) = ξ(n)Υ ′µΥµ(σ2 + π2), where Υ ′(Υ ) is the initial (final) bb¯ quarko-
nium. Through the spontaneous breaking of chiral symmetry, σ acquires vacuum
expectation value, 〈σ〉0 ≡ σ0 = fpi, and L(n) is rewritten as L(n) = ξ(n)Υ ′µΥµ(f2pi +
2fpiσ
′ + σ′2 + π2), producing the coupling terms; Lσ = ξσΥ ′µΥµσ′ (ξσ = 2fpiξ(n)),
Lpipi = ξ2piΥ ′µΥµπ2 (ξ2pi = ξ(n)). The ππ production amplitude FLσM is given by sum
of FLσMσ and FLσM2pi , canceling with each other in O(p0) level.
FLσM = FLσMσ + FLσM2pi =
ξσ(−2gσpipi)
m2σ − s
+ 2ξ(n) = 2ξ(n)
m2pi − s
m2σ − s
, (2.1)
where the relation of SU(2)LσM, gσpipi = (m
2
σ −m2pi)/(2fpi), is used, s = −(p1 + p2)2
(p1,2 being the pion momenta), and the factor of polarization vectors of initial and
final bb¯ quarkonia, ǫ(P ′) · ǫ˜(P ), is omitted. The final amplitude takes O(p2) form,
being consistent with the derivative coupling property of π meson. In the limit
p1µ → 0µ, s → m2pi and FLσM → 0. Thus the amplitude has Adler 0, which leads
to the threshold suppression in conformity with the observed threshold behavior in
Υ (2S)→ Υ (1S)ππ.
2.2. Effective amplitude through intermediate glueball states
Next we consider the effective amplitude through the intermediate production of
the ground-state scalar and tensor glueballs. By using the framework of new classifi-
cation scheme 5), the effective interaction is given by LG ≈ (ξG/M ′M)∂µΥ ′λ∂νΥλ(∂µσ∂νσ+
∂µπ · ∂νπ), where M ′(M) is the mass of initial(final) Υ . ξG is coupling constant. It
is notable that, after spontaneous symmetry breaking, it produces no σ-amplitude
cancelling the direct 2π-amplitude. Then the production amplitude is given by
FG2pi = −ǫ(P ′) · ǫ˜(P )(ξG/M ′M)(P ′ · p1P · p2 + P ′ · p2P · p1) , (2.2)
where P ′(P ) is the momentum of initial(final) Υ .
The FG2pi vanishes when p1µ → 0µ. Thus, it has Adler 0, satisfying the general
constraint from chiral symmetry. However, it does not vanish at s = m2pi. In the
relevant process, the Adler limit p1µ → 0µ corresponds to neglect ∆M ≡ M ′ −M
in comparison with mpi. At s = 4m
2
pi the pion four-momenta should be p1µ = p2µ,
leading to p10 = p20 ≈ ∆M/2 = 450MeV≫ mpi in Υ (3S)→ Υ (1S) transition. Actu-
ally FG2pi can be approximated as FG2pi ≈ −2ξGp10p20, which is almost s-independent
in all the physical region and has no zero close to the threshold. Correspondingly,
there is no suppression near the threshold.
2.3. Quantitative Analysis
In the actual analysis we modify FLσM in Eq. (2.1), with inclusion of width
of the σ-meson, Γσ(s)(= g
2
σp1(s)/(8πs)) and of strong phase, as Fphenσ+2pi = (ǫ(P ′) ·
ǫ˜(P ))2ξ(n)eiθσ m
2
pi−s
m2σ−s−i
√
sΓσ(s)
.
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Fig. 1. Fit to the pipi invariant mass spectrum 4) by the amplitude explicitly consistent with chiral
constraint: (a) Υ (3S) → Υ (1S)pipi, (b) Υ (3S) → Υ (2S)pipi and (c) Υ (2S) → Υ (1S)pipi. The
respective contributions from Fphen
σ+2pi and from FG2pi are shown by dotted and dot-dashed lines.
The results of the fit by using the semi-phenomenological amplitude Fphen ≡
Fphenσ+2pi+FG2pi are depicted in Fig. 1. The ππ mass spectra in Υ (2S)→ Υ (1S), Υ (3S)→
Υ (1S) and Υ (3S)→ Υ (2S) transitions are fitted simultaneously with common values
of mσ and gσ, leading to the σ-pole position,
√
spole(≈ mσ − iΓσ/2) = (580 +79−30
)− i(190 +107−49 ), which is consistent with the ones obtained in our preceding works: 1)
and the analysis 6) of ππ scattering phase shift. The total χ2 is χ2/(Ndata−Nparam) =
54.5/(74 − 11) = 0.87. The FG2pi contribution becomes dominant in Υ (3S) → Υ (1S)
transition, and it explains the steep increase from the threshold.
Now we can see our treatment in the previous analysis 1) is to be consistent with
general chiral constraints: Threshold suppression in Υ (2S)→ Υ (1S), required from
chiral symmetry, is reproduced phenomenologically by the cancellation between FIσ
and FI2pi of I (quoted in Eq. (1.1)). Dominant FG2pi-contribution, which is almost
s-independent in all physical region, in Υ (3S) → Υ (1S) is reproduced mainly by
constant FI2pi of I .
2.4. Features of ππ production amplitudes
The ππ production processes have generally much the larger energy release ∆E
than mpi. Thus, the momentum of emitted pion becomes large, and the derivative
type amplitude, as Eq.(2.2), may play an important role. The Adler 0 generally does
not imply the suppression at the small s region, and the ππ spectrum shows possibly
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Fig. 2. Pole positions
√
spole ≈ mσ − iΓσ/2 of σ and their error regions, obtained from the various
pipi-production processes: Υ decays 1) and 4), pp¯→ 3pi0 10),D− → pi−pi+pi+ 11) and J/ψ → ωpipi 9)
are shown by the points with crosses. Respective regions (except for J/ψ decay) are surrounded
by solid lines, dashed line and dot-dashed line.
steep increase from threshold. There is no mechanism cancelling the effect of σ
production, and the direct σ-peak structure is expected to be observed. Actually,∗)
in J/ψ → ωππ decay 8), 9), pp¯ → 3π0, 10) and D− → π−π+π+ 11), where ∆E is very
large, the σ-peak structure is observed directly. In the relevant Υ decay processes
∆E in Υ (3S → 1S) is the largest, and only this process shows the steep increase
from threshold.
On the contrary in the ππ scattering process, the pion momentum itself becomes
small near threshold region, and the spectrum close to threshold is suppressed. Be-
cause of this chiral constraints, the σ-amplitude must be cancelled out by the non-
resonant repulsive amplitude, and the direct σ-peak cannot be seen in ππ-scattering,
in principle.
§3. Concluding Remarks
Through the above discussion it proves not adequate to determine the pole-
position of σ only through the ππ-scattering. However, the present estimation of
the σ pole position in PDG table has been done mainly through the analyses of ππ
scattering. This is one of the reasons why the present label of σ, “f0(400–1200) or
σ”, is largely uncertain and the σ is still regarded as controversial.
The σ-pole position should be determined regarding the ππ-production processes
with large energy release, which are free from the chiral constraints. The pole po-
sitions of σ obtained through various ππ-production processes are shown in Fig. 2.
∗) Concerning the pp-central collision experiment pp→ pp(pi0pi0) by GAMS 7), which also seems
to suggest the σ-existence, see the comment in the talk by T. Komada, this conference 1).
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They are almost process-independent, and in the range mσ=450–600MeV. Basing
on these results we conclude that the existence of σ(450–600) is confirmed, and the
present label of PDG table should be corrected accordingly.
In this connection it is notable that, in this conference, a firm experimental
evidence for existence of the I = 1/2 scalar κ-meson, to be the flavor partner of
σ-meson, is reported. This κ is observed 11) as a peak in the Kπ-mass spectra
in the decay process D− → K−π+π+. This process is actually a Kπ-production
process with the above mentioned large energy release, being free from the chiral
constraints. The criticism 12) that no such pole is observed in Kπ-scattering process
is disregarding the property of K meson as Nambu-Goldstone boson in the case of
chiral symmetry breaking. This is the same situation as the direct σ-peak being not
observed in ππ-scattering. Actually by taking into account this constraint from chiral
symmetry, the Kπ-scattering data were shown to be consistent with the exsitence of
κ 13).
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